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Abstract 
An optical sensor platform based on (ferro)magnetic sensor macrospheres (MagSeMacs) was established. In contrast to existing 
technologies such sensors can be magnetically controlled. A simple coating procedure enables technology transfer from 
conventional sensor patches to MagSeMacs. Oxygen and pH sensitive spheres were prepared and their sensor characteristics 
were investigated. The benefits of magnetic control were demonstrated by evaluating concentration gradients in test systems.   
© 2009 Published by Elsevier Ltd. 
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1. Introduction 
Measuring and controlling physiological parameters is vital for a variety of industrial processes. Among others 
oxygen and pH are key parameters to be controlled. Continuous monitoring is essential for a strict control of these 
parameters. Optical sensors are versatile measurement tools for such applications. Different sensor formats are 
known [1]. 
Fiber optical sensors (Optrodes) and sensor patches are today the most common sensor formats. Both formats 
have significant advantages over electrochemical sensors. The features of Optrodes are fast response, possible 
miniaturization (microsensors) and high signals [2]. Nevertheless, problems arise from the fragile sensor tip and an 
increased contamination risk emerges from dipping the sensor into the analyzed solution. Sensor patches enable an 
external readout (through glass or transparent plastics) and therefore minimize the contamination risk. As sensor 
patches are usually mounted at a single position inside the vessel, analytical information can only be obtained from 
this position. Consequently concentration gradients can not be monitored. Such spatial limitations lead to 
insufficient analytical information. 
Evidently, combining the advantages of the known sensor formats will significantly improve the sensor 
performance. Different approaches towards such a sensor can be found in literature. A promising setup uses micro- 
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or nanometer sized magnetic sensor particles [3-6]. Such particles can be collected and controlled via an external 
magnetic field due to their magnetic properties. Controlled movement of the sensor particles enables collecting 
analytical information at different positions [7]. Although analytical information can be gathered at different 
positions, new challenges arise with this technology. Firstly, preparation of sensor particles is rather laborious. 
Secondly, separating the particles is often time consuming and not always complete due to small particle sizes. 
Despite the flexibility of such materials further improvements are needed. 
In this work we describe a concept combining the advantages of magnetic control and sensor patches. This sensor 
concept is based on (ferro)magnetic sensor macrospheres (MagSeMacs). Similar to magnetic sensor particles, 
MagSeMacs respond to an external magnetic field, however MagSeMacs respond in real-time. Transferring existing 
sensor technology is easier from patches to MagSeMacs, than to particles. The firm connection between the 
MagSeMac and the external magnet enables measurements in a variety of reaction vessels. Finally, simple coating 
methods enable MagSeMac mass-production.  
2. Materials and methods 
2.1 Chemicals and Materials 
The following chemicals were all used as received: polystyrene (PS, MW 250 000; Acros Organics), 
poly(vinylidene chloride-co-acrylonitrile) (PViCl-PAN; 20% (w/w) polyacrylonitrile; MW 150 000; Polysciences), 
polyurethane hydrogel D4 (Cardiotech), glucose oxidase from Aspergillus niger (GOx, Fluka), trichloromethane, 
ethanol, glucose monohydrate, phosphate buffers and citrate buffers (all purchased from Carl Roth GmbH, 
Germany). The used sensor dyes iridium(III) ((benzothiazol-2-yl)-7-(diethylamino)-coumarin)) (acetylacetonate) 
(Ir(CS)2(acac)) [8] and 1-hydroxypyrene-3,6,8-tris-bis(2-ethylhexyl)sulfonamide (HPTS(DHA)3) [9] were 
synthesized in our lab as described in the literature. Ferromagnetic stainless steel spheres with different diameters (2 
to 5 mm) were obtained from Kugel Pompel (www.kugelpompel.at). Magnetic separators were constructed 
following the literature [10] using NdFeB block and ring magnets from ChenYang Technologies (www.cy-
magnetics.com).  
2.2 Sensor preparation 
a) Oxygen-sensitive MagSeMacs were prepared in the following manner. Cleaned stainless steel spheres were 
spray coated using the following “cocktail”. The cocktail contained 20 mg of PS and 0.3 mg of the indicator 
Ir(CS)2(acac) dissolved in 1 g of CHCl3. During the entire spraying process shaking of the spheres was ensured by a 
vibrating device (Vibramax 100, Heidolph).  
b) pH-sensitive spheres were coated in a similar manner. To enable referenced measurements a dual lifetime 
referencing scheme, DLR [11,12], was used. HPTS(DHA)3 was chosen as a pH-sensitive dye and spectrally 
compatible Ir(CS)2(acac) as a reference. To avoid cross sensitivity to oxygen the reference dye was incorporated 
into gas-impermeable PViCl-PAN nanoparticles [13]. The cocktail consisted of 116 mg of D4, 1.4 mg of 
HPTS(DHA)3, 14.6 mg of PViCl-PAN nanoparticles containing 0.15 mg of Ir(CS)2(acac), 5 g of ethanol, and 0.5 g 
of deionized water. The cocktail was sprayed on to 100 preheated continuously shaking spheres.  
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Fig. 1. Depending on the surface coating either oxygen-sensitive or pH-sensitive MagSeMacs can be produced. Oxygen-sensitive MagSeMacs 
only consist of a PS-matrix and the sensitive dye. A DLR system was used for the pH-sensitive MagSeMacs.   
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2.3 Measurement setup 
Optical readout was performed with a 2mm optical fiber and a phase fluorimeter (PreSens GmbH, Germany). At 
the end of the fiber the magnetic separator was mounted [10]. For both analytes, oxygen and pH, a modulation 
frequenzy of 20 kHz was used. Oxygen calibration was obtained by bubbling different synthetic air/nitrogen 
mixtures through water. The obtained Stern-Volmer plot is shown in figure 2. For measuring the sensor response 
time, two solutions with different oxygenation levels were mixed rapidly. pH sensitive MagSeMacs were calibrated 
by measuring the phase shift in phosphate buffer solutions with different pH values ranging from 3.69 to 11.9. Ionic 
strength was adjusted to 100 mM with NaCl.  
3. Results and Discussion 
MagSeMacs are ferromagnetic steel spheres with an optically active coating. The here presented MagSeMac 
sensors consist of coatings sensitive to either oxygen or pH (figure 1) which represent key analytes in biotechnology 
and biological research. Figure 2 shows the calibration plots and response behavior of MagSeMacs. Both sensor 
materials show typical behavior. For oxygen a slightly non linear calibration was obtained. This can easily be 
explained by the so called two-side model [14]. Sigmoidal calibration curves are common for optical pH sensors. In 
this case the obtained pKa value is 8.0. 
Fig. 2. Calibration curve and response time of oxygen- (a, b) and pH- (c, d) sensitive MagSeMacs: 
Sensor response is an essential factor determining if real-time measurements are possible. As several biological 
reactions are fast, the used sensor needs to respond within a comparable time frame. The presented oxygen sensitive 
MagSeMac responds within a few seconds to a change in oxygenation. For most biological systems this is more than 
sufficiently fast. Unfortunately, pH-sensitive MagSeMacs respond around 10 times slower. Such response times are 
still adequate as many applications.  
Besides reliable sensor chemistry MagSeMacs also show magnetic properties. In comparison to conventional 
sensors magnetic controllability is an important improvement. As long as the reaction vessel is transparent 
MagSeMacs can be moved to any position and analytical information can be gathered (figure 3a). Such a system can 
be used to evaluate concentration gradients. In a simulated experiment a U-shaped tube was flushed on one end with 
air and on the other with nitrogen (figure 3b). Within the tube an oxygen gradient evolves and can be visualized by 
magnetically moving the sensor along the tube.     
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Fig.3. Magnetic control enables measuring analyte concentration at different positions with a single sensor (a). An oxygen concentration gradient 
was visualized inside a U-shaped tube using a MagSeMac (b).  
4. Conclusion and further outlook 
The here presented MagSeMacs are demonstrated to be a promising alternative to existing sensors formats. 
Conventional sensor chemistry can be transferred to this format. In contrast to fixed sensor patches MagSeMacs 
overcome spatial limitations. Improved sensor control and separation can be achieved by applying an external 
magnetic field. 
A further important factor is that sensor mass-production is possible. A simple spray coating technique ensures 
that up to hundred MagSeMacs can be produced within a single batch. 
Further research may focuses on the construction of dual or multiple analyte sensors. Either multiple sensor 
spheres could be read out simultaneously or multiple sensors could be coated on a single sphere. For the later 
approach permanent magnetic spheres could be used. As they already possess a magnetic moment, directed 
positioning would easily be possible. 
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